An online preconcentration technique, large volume sample stacking with an electroosmotic flow pump, was combined with partial filling affinity capillary electrophoresis (PFACE) to create a highly sensitive analysis of the interaction of glycoprotein-derived oligosaccharides with plant lectins. Oligosaccharides were derivatized with 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) for use in a blue light emitting diode-induced fluorescence detection capillary electrophoresis system. ANTS-labeled oligosaccharides were delivered to an entire neutrally coated capillary, and lectin solution was then hydrodynamically introduced from the outlet of the capillary as a short plug. When negative voltage was then applied, a low concentration sample solution caused a significant flow by electroosmosis from anode to cathode and the ANTS-labeled oligosaccharides moved quickly towards the anode and concentrated in the lectin phase. Finally, when the electroosmotic flow became negligible, ANTS-labeled saccharides passed through the lectin plug and were detected at the anodic end. The sensitivity was enhanced by a factor of roughly 200 compared to typical hydrodynamic injection (13.8 kPa, 5 s).
Introduction
Capillary electrophoresis (CE) is a highly successful separation technique for the analysis of biomolecules. Capillaries with an i.d. of 50 -100 μm have a high electrical resistance and a large surface area-to-volume ratio. Therefore, very high electrical fields (≈650 V/cm) can be applied. This results in short analysis times and high resolution of a mixture of closely related components within a sample. Light-emitting-diodes (LEDs), which have the advantages of a long lifetime (>10000 h), small size, low cost, stable intensity, high efficiency and multiple emission wavelengths ranging from red to blue, 1 have become an attractive alternative light source for fluorescence detection. Tong and Yeung were the first to report the application of an absorption detection system for a CE separation based on red LEDs. 2 Since then, a number of different types of LED-induced fluorescence detectors for conventional CE [3] [4] [5] [6] [7] [8] and microfluidic chip based CE [2] [3] [4] systems have been reported because they possess the advantages mentioned above. Lectins are proteins of non-immune origin that interact specifically with glycans without modifying them. 5, 6 Several reports have stated that plant lectins bind primarily to monosaccharides, 7 but that they bind to specific sequences of oligosaccharides with higher affinity. For example, concanavalin A (Con A) binds to α-glucoside and α-mannoside with a Ka on the order of 10 3 , but a Ka of 10 6 to 10 7 engenders binding to high mannose-type oligosaccharides. 8 In addition, the binding capability of lectins may not reflect the structural differences in the oligosaccharides. Therefore, the inhibitory action is dependent only on the concentration of inhibitors and their affinity for the lectins. High specificity of plant lectins against certain oligosaccharides is helpful for profiling in glycoproteomic analyses. CE analyses of oligosaccharides using lectins as affinity ligands have been studied by several authors. [9] [10] [11] [12] The difference in migration profiles in the presence and absence of a lectin in the electrophoresis buffer indicates the presence of a specific sequence in the oligosaccharides, which enables the profiling of oligosaccharides in some glycoproteins or oligosaccharides in therapeutic antibodies. 12 However, the wide variety in molecular distribution of glycans often causes difficulty because of limits of detection.
To develop a highly sensitive analysis and to enhance affinity interactions, with a simple injection scheme in CE, we focused on the large-volume sample stacking with an electroosmotic pump (LVSEP) method as an online sample concentration technique. [13] [14] [15] [16] This exhibits efficient preconcentration and separation performance and the sample components are stacked at the sample/buffer boundary for a long time. Therefore, by injecting lectin from the anodic end as a short plug, followed by injection of sample solution to the entire capillary, anionic derivatives of oligosaccharides are continuously moved and stacked in the lectin plug until the completion of preconcentration. In our previous study, we examined the combination of the LVSEP and partial filling affinity capillary electrophoresis 2013 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: yamamoto@phar.kindai.ac.jp (PFACE) techniques, and compared the sensitivity, the efficiency of affinity interaction with the results obtained by standard lectin PFACE. 17 In this study, we conducted our experiments using a blue LED light and 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) labeled oligosaccharides for the purpose of space saving and low cost analyses. We also applied this technique to ascertain the extent of the interaction between oligosaccharides and that partially filled lectin could be controlled by changing the injection duration of the lectin solution.
Experimental
Reagents and chemicals ANTS was purchased from Molecular Probes Inc. (Eugene, OR).
Triticum vulgaris agglutinin (WGA) and sodium cyanoborohydride (NaBH3CN) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Sambucus sieboldiana agglutinin (SSA) was purchased from Seikagaku Kogyo (Tokyo, Japan). Con A, Maackia amurensis (MAM), and human γ-globulins (IgG) were purchased from Sigma-Aldrich Japan K.K. (Tokyo, Japan). Egg white ovalbumin was purchased from MP Bio Japan K.K. (Tokyo, Japan).
Peptide-N
4
-(acetyl-β-glucosaminyl)-asparagine amidase (PNGase F, EC 3.5.1.52) was purchased from Hoffmann-La Roche Ltd. (Tokyo, Japan). Biomimetic polymer surfactant (N102) solution from NOF Corp. (Tokyo, Japan) was used as received to coat the inner wall of the capillary. Other reagents were of the highest available commercial grade.
Apparatus
All CE separations were conducted on a P/ACE MDQ CE machine (Beckman Coulter Inc., Brea, CA) connected to a blue LED (LLS-365; λmax = 365 ± 10 nm, full width at half maximum; FWHM = 10 nm, minimum output = 10 μW, continuous wave; C.W. = 20 mA; Ocean Photonics, Tokyo, Japan) light-induced fluorometric detection as a light source with an optical fiber (P-600-2-UV/VIS, 600 μmf; Ocean Photonics, Japan). Electrophoretic separation was carried out in polydimethylsiloxane-coated capillaries (InertCap I ® ; GL Sciences Inc., Tokyo, Japan) of i.d. 50 μm with an effective length of 40 cm (50 cm in total). Samples were detected by LED induced fluorometric detection with a band pass filter for fluorescein. The cassette holding the capillary column was thermostated to 25 C.
Preparation of ANTS-labeled oligosaccharides
N-Linked oligosaccharides were prepared from 50 μg of lyophilized glycoprotein. A sample was dissolved in 50 μL of 50 mM phosphate buffer (pH 7.9) containing 0.1% sodium dodecyl sulfate and 2% 2-mercaptoethanol. The solution was heated at 100 C for 5 min. After cooling, the solution was mixed with 5 μL of 7.5 mU of recombinant PNGase F and the reaction mixture was incubated for 2 h at 37 C. Deglycosylated proteins were precipitated by the addition of 180 μL of ice-cold ethanol and removed by centrifugation at 10000 rpm for 5 min. The released oligosaccharides in the supernatant were dried in a centrifugal vacuum evaporator. They were labeled through reductive amination by the addition of 11.5 μL of 23 mM ANTS in 25% acetic acid and 2 μL of 1 M NaBH3CN in tetrahydrofuran. The labeling mixture was heated for 1 h at 80 C. 18, 19 The solution was then diluted with water and excess ANTS was removed by chromatography using a Sephadex G-25 column (1 cm, i.d. 30 cm; GE Healthcare Technologies, Uppsala, Sweden) with 10 mM acetic acid as eluent. The first eluting fluorescent peak was observed at an excitation wavelength of 350 nm and an emission wavelength of 520 nm. The product was collected and evaporated to dryness. The residue was dissolved in 100 μL of water and stored in a refrigerator.
CE procedure
All experiments were carried out in 100 mM Tris-acetate buffer (pH 7.0) containing 0.05% hydroxypropylcellulose. All lectins were dissolved in the running buffer without hydroxypropylcellulose at 1 mg/mL. Prior to use, the capillary was flushed at 200 kPa sequentiary with water for 5 min, surfactant solution N102 for 5 min to prevent adsorption of lectin and ANTS-labeled oligosaccharides, and running buffer for 5 min. Separation was conducted by application of -15 kV. After each run, the lectin solution in the capillary was removed by introducing buffer solution from the anodic side by pressure application (200 kPa, 5 min). The volume of lectin solution to inject into the capillary was calculated using the method available at the website of the manufacturer. 20 
Typical hydrodynamic injection CE as a reference for LVSEP analysis
The capillary was first flushed with the electrophoresis buffer (100 mmol/L Tris-acetate buffer (pH 7.0) containing 0.5% hydroxypropylcellulose). A solution of lectin (1 mg/mL) was injected, and an ANTS-oligosaccharides solution was injected for 5 s at 13.8 kPa. Sample separation was conducted at -15 kV. The other analytical conditions were the same as for the LVSEP-PFACE method described above. Fig. 1 Image of large-volume sample stacking with PFACE of ANTS-labeled oligosaccharides with lectins, using a neutrally coated capillary. In advance, a PDMS-coated capillary was flushed with N102 surfactant solution, and filled with a low ionic strength solution containing ANTS saccharides, and a lectin solution was injected from the outlet of the capillary as a short plug (a). Both ends of the capillary were immersed in high ionic strength electrophoresis buffer and a negative voltage was applied (b). ANTS saccharides are enriched at the lectin plug, while the high EOF removes sample matrix from the cathodic end (c). After most of the sample matrix is removed from the cathode end, the EOF becomes negligible and ANTS saccharides are separated by zone electrophoresis (d).
Results and Discussion

Experimental design
The overall LVSEP-PFACE scheme is shown in Fig. 1 . In this method, a diluted sample solution of ANTS-labeled oligosaccharides is introduced into the entire PDMS-coated capillary, then the outlet of the capillary is immersed in a lectin solution and pressure is applied to introduce a lectin solution (Fig. 1a) . Then, both ends of the capillary are immersed in electrophoresis buffer and the separation voltage is applied (Fig. 1b) .
Although electroosmosis in the PDMS-coated capillary is negligible because of its minimal tendency to possess electrical charge, the low concentration of electrolytes in the sample solution induces an electrical charge on the capillary and causes apparent electroosmotic flow (EOF) from anode to cathode (i.e., from the outlet to inlet of the capillary) at an EOF velocity of 0.65 mm/s. 21 The EOF velocity gradually decreases as higher ionic strength electrophoresis buffer solution enters from the outlet of the capillary (Fig. 1c) . Concomitantly, the ANTS-labeled saccharides, which carry three negatively charged sulfonate groups, will migrate increasingly faster toward the anode and are concentrated in the lectin plug because of the difference in electric field strength between the analyte and the electrophoresis buffer solution. As the electrophoresis buffer approaches the inlet of the capillary and most of the sample matrix is removed from the cathodic end, the EOF becomes negligible, consequently enabling the ANTS-labeled oligosaccharides to reach the detector (Fig. 1d) . In this step, any oligosaccharides recognized by lectin are specifically trapped, in contrast to others, which migrate based on their electrophoretic mobilities. Therefore, the oligosaccharides are separated depending on their size and charge ratios, as well as their specific affinities for lectins. The pH at the boundary between the ANTS-saccharides solution and lectin phase became basic when voltage was applied, denaturing the lectins. However, most lectins have isoelectric points in the acidic range and they slowly moved to the anode without a loss in activity. As expected from the capillary length and the volume of hydrodynamic injection, the concentration factor reached about a few hundred. The lower limit of detection of the LVSEP method was determined by ANTS-labeled maltoheptaose, in which a 3 × 10 -10 M solution indicated a signal corresponding to a signal-to-noise (S/N) ratio of 3. This concentration corresponds to one nine hundredths of the hydrodynamic injection at 3.45 kPa for 10 s.
LVSEP and LVSEP-PFACE analyses of ANTS labeled oligosaccharide from IgG
We previously reported that a PDMS-coated capillary and hydroxypropylcellulose in electrophoresis buffer yielded a good separation by suppressing EOF and preventing adsorption of lectin onto the surface of a PDMS-coated capillary. 11 Adsorption of ANTS-saccharides in the preconcentration step could be suppressed by addition of hydroxypropylcellulose to the sample solution. However, for handling convenience, we chose to coat the capillary with N102 surfactant, which also suppressed ANTS-saccharide adsorption.
During the LVSEP-PFACE method, a lectin and ANTS-saccharides travelled through the entire capillary in opposite directions. However, no deviation in migration times due to the adsorption of lectins on the ANTS saccharides on the surface of the capillary was observed, and therefore all of the work was done with a single capillary. The separation efficiency and preconcentration factor were measured by comparing the separation profiles and peak intensities obtained by LVSEP CE and ordinary CE (13.8 kPa for 5 s) without injection of lectins. The data obtained for the IgGderived oligosaccharides are shown in Fig. 2 . The peak intensities obtained by LVSEP-CE (Fig. 2(B) were almost 10 times lower than those obtained by ordinary CE using a sample Fig. 2 Electropherograms of ANTS-labeled oligosaccharides derived from human immunoglobulin obtained by ordinary CE (A) and LVSEP (B), and a magnified inset of the latter (C). ANTS oligosaccharides (0.1 mg/mL as glycoprotein) were injected at 13.8 kPa for 5 s for ordinary CE. LVSEP was performed using 1000-fold diluted solution. Conditions: running buffer, 100 mM Tris-acetate buffer, pH 7.0 containing 0.5% hydroxypropylcellulose; capillary, PDMS-coated, 50 μm i.d., 40 cm/50 cm; applied voltage, -15 kV; detection, 365 nm (excitation)/450 nm (emission). Tentative peak assignments were made based on previous work. 18 Fig . 3 Representative electropherograms from LVSEP-PFACE analysis of ANTS-labeled oligosaccharides derived from human immunoglobulin. SSA injection conditions are shown in each electropherogram. Other analytical conditions and tentative peak assignments were the same as those used in Fig. 2. solution that was 1000 times more concentrated (Fig. 2(A) ). However, the S/N ratio was at least five or more, and the peak widths for LVSEP were almost the same as those obtained by ordinary CE. The repeatability (n = 11), as measured by the RSD, of the migration time ranged from 1.03 to 1.23%. Therefore, the loss of separation efficiency in LVSEP was negligible. These results indicate that this method is reliable. Next, we applied the LVSEP method to PFACE. Figure 3 shows the change in migration of concentrated IgG oligosaccharides by changing the injection times of SSA. Immunoglobulin contains a series of antennary oligosaccharides with α-1,6-linked fucose (Fuc) in a chitobiose core. 12, 22 Addition of α-2,6-linked N-acetylneuraminic acid (NeuAc) specific SSA 23 caused specific disappearance of peaks appearing at 11 -12.5 min, which indicated the presence of α-2,6-linked NeuAc residues in these saccharides. In contrast, the peak areas that indicated G0 -G2 were hardly altered by increasing the injection time of SSA from 5 to 30 s. The results show that LVSEP-PFACE displays simple affinity responses. The oligosaccharide peaks recognized by lectins indicate the disappearance of peaks and does not cause the retardation of the migration time.
LVSEP-PFACE analyses of ANTS-labeled oligosaccharide from ovalubmin
In our previous study, we showed that an increase in the residence time in the lectin phase in LVSEP-PFACE enhances the efficiency of the interaction. Next, we chose ovalbumin and WGA as a lectin. Ovalbumin contains a series of high mannosetype oligosaccharides (Man5-7GlcNAc2), a complex-type oligosaccharide (Man3GlcNAc5), and some hybrid-type oligosaccharides with bisecting GlcNAc (Man4-5GlcNAc5-6Gal0-1). 24, 25 WGA recognizes β-GlcNAc residues and also shows affinity for NeuAc-containing complex type oligosaccharides. LVSEP-PFACE analysis using WGA did not alter the peak migration profiles of peaks 1 and 2, and indicated dissipation of peaks 4, 5, and 6 at 3.45 kPa and 10 s, and then the baseline may be a little wobbly. In contrast, the migration time for peak 3 increased with lectin volume. The difference between disappearance and broadening of these peaks were based on the difference in each binding constant to WGA. Two unknown peaks marked with an asterisk detected after peak 3 were observed clearly when WGA solution was injected at 3.45 kPa for 30 s. As a second step, we combined some lectins to trap all oligosaccharides in ovalbumin. Con A shows strong affinity for high-mannose-type oligosaccharides and moderate affinity for biantennary complex-type oligosaccharides. 27 All oligosaccharides in ovalbumin matched the specificity of Con A and WGA. These lectins were injected at 3.45 kPa for 15 s in this order. The separation profile is shown in Fig. 5 . Peaks 1 -3 appearing in reference electropherograms had disappeared completely after injection of Con A, and peaks 4 -6 were trapped by WGA. The combined use of Con A and WGA eliminated all oligosaccharide peaks. However, the excess ANTS reagents peak at 8 min did not change. This technique can be used to specifically detect oligosaccharides in a complex mixture even using LED-light if a suitable set of lectins is chosen.
Conclusions
The LVSEP-PFACE method can be used effectively to study the interaction between glycoprotein oligosaccharides with some plant lectins, with high sensitivity. All experiences using LED CE systems and ANTS-labeled oligosaccharides were completely successful. Use of a PDMS-coated capillary and hydroxypropylcellulose impregnated electrophoretic buffer enables the generation of an EOF that is significant in low ionic strength solution but negligible in the background electrolyte solution. This phenomenon enables effective preconcentration by LVSEP and good resolution of ANTS derivatives of glycoprotein-derived oligosaccharides. The preconcentration efficiency reached a factor of over 100 compared with a typical injection at 13.8 kPa, 5 s, enabling enhanced detection of oligosaccharides. The residence time of ANTS saccharides in the lectin phase is substantially increased during the preconcentration step, which enhances the efficiency of the affinity interaction. The simplicity and high sensitivity of this method is expected to be of value for monitoring changes in oligosaccharides in various situations.
Therefore, the combination of the LVSEP method with PFACE and ordinary CE will be useful in profiling minor components in a glycan pool because it does not require expensive apparatus and reagents. We believe this will be helpful in the analysis of glycans in various glycoproteinaceous pharmaceuticals.
